Electrochemically active self-assembled monolayers (SAM) have been successfully fabricated with atomic-scale uniformity on a silicon (Si) (111) surface by immobilizing vinylferrocene (VFC) molecules through Si-C covalent bonds. The reaction of VFC with the hydrogen-terminated Si (H-Si) (111) surface was photochemically promoted by irradiation of visible light on a H-Si(111) substrate immersed in n-decane solution of VFC.
Introduction
Self-assembling, one of the bottom-up technologies, has attracted much attention due to the desire to control the structure of materials and devices on minute scales. A typical example fabricated with the self-assembly technique is the so-called self-assembled monolayers (SAMs) [1] [2] [3] [4] , which are ultrathin organic films with a uniform mono-molecular thickness. When you put a certain set of precursor molecules and a substrate into a reaction cup, the molecules chemisorb on the substrate surface, and are spontaneously arranged with their reactive site facing the surface. During the chemisorption process, the molecules are assembled with a highly oriented arrangement due to intermolecular interactions. The resulting organic film is immobilized on the surface through chemical bonds, and hence is fairly stable compared with other types of organic monolayers, e.g., Langmuir-Blodgett films [1, 4] .
To hybridize organic and inorganic materials, the formation of a SAM on the inorganic substrate surface is of primary importance [5] [6] [7] [8] . It is well known that organosilane molecules form SAMs on silicon (Si) substrates through silane coupling chemistry [7] . In this case, precursor organosilane molecules react with native oxide on the Si substrate. Accordingly, an insulator layer is inevitably present between the SAM and the bulk Si. This intermediate insulator layer prevents the electrical link between the organic and the inorganic materials. However, from the view point of the electrical integration of the two materials, a direct connection between SAMs and Si substrates is crucial. 4/47 In 1993, Linford et al. [9] reported on a direct conjugation method of SAM and Si substrate, using diacyl peroxides and hydrogen-terminated Si (H-Si) substrate.
They employed the thermal decomposition of diacyl peroxides in order to generate alkyl radicals. Here, the radicals react with the H-Si surface and extract H atoms from the surface, yielding Si dangling bonds, i.e., Si radicals, on the surface. Each Si dangling bond further reacts with an alkyl radical to form an alkyl group covalently bonded to Si, so a SAM is formed on the surface with interfacial linkages of Si-C. In this system, the SAMs are directly immobilized on the Si surface; hence this can be a key technology for future hybrid devices. In 1995, the same group reported that 1-alkene served as a precursor to form the "directly bonded SAM" without the radical generator through a proper thermal treatment [10] . So far, similar SAMs have been reported by many groups [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Precursor molecules such as 1-alkenes, 1-alcohols, n-aldehydes, and 1-amines react with H-Si substrates through heat treatment, UV irradiation, visible light irradiation [17] [18] [19] [20] [21] [22] [23] , and combinations of these processes. Our group has also examined SAM formation from 1-hexadecene through heat treatment, UV irradiation, and visible light irradiation, and found that all three processes provided equivalent SAMs from the viewpoint of physical properties, and maintained the atomically flat feature of H-Si(111) surface [22] . In this report, the mechanism of SAM formation by visible light irradiation method is suggested: Light irradiation on the silicon surface creates electrons and holes in the bulk, which are separated by the electric field typically found in the subsurface space charge region. The hydrogen-terminated n-type silicon samples exhibit upward band-bending near the surface, such that photoexited electrons drift into the bulk and photoexited holes drift towards the surface, where they can induce reactions of a nucleophilic vinyl group with the H-terminated surface. The 5/47 carbon-carbon double bond of a 1-alkene approaches the Si-H bond in a parallel fashion, and they then form a four-membered transition state, resulting in the evolution of a Si-C bond. Additionally, for the case of hydrogen-terminated p-type silicon samples, downward band-bending is generated near the surface and nucleophilic vinyl groups are unlikely to attack the surface, so the SAM formation rate is relatively slow or the SAM coverage is relatively small.
A SAM with redoxactivity is of special interest for application in future electronic devices, since such a SAM can store charges and serve as a molecular memory unit [24] [25] [26] [27] [28] [29] [30] . When redox-active molecules are used as precursors of directly bonded SAMs, as in the case of 1-alkenes with a redox-inert carbon chain, the redox-active moieties are expected to assemble with the molecular-level uniformity, which level is required for future minute electronic devices. However, it is quite difficult to prepare uniform SAMs of redox-active molecules connected to an Si surface with direct bonds, because precursor molecules with a redox-functional group are generally easily damaged by the treatment to promote the reaction of the molecule with the surface. Although there have been many reports on the attachment of redox-active molecules on Si [24] [25] [26] [27] [28] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] , only Fabre et al. have reported clear evidence that ferrocenyl molecules, the redox activity of which is well known, forms a uniform monolayer with an atomic-level flatness [48] . They avoided the damage on the redox-active moieties by a process with the following complicated steps: (i) Formation of an ester-terminated SAM on a H-Si substrate; (ii) Decomposition of the ester moieties into carboxylic groups in a basic solution, yielding a carboxy-terminated surface; (iii) Activation of the carboxy-terminated surface through reaction with 6/47 N-hydroxysuccinimide in the presence of a dehydration condensation agent; and (iv) Reaction of the activated surface with aminoferrocene. Using this method, ferrocenyl molecules, which are known to show a stable redox behavior and are frequently used in electrochemical experiments, were treated under gentle conditions so that they did not decompose. The resulting film was quite uniform and flat as confirmed by atomic force microscopy (AFM).
Although they succeeded in fabricating ferrocenyl-terminated SAM with the above four-step SAM formation process, it is known that the surface roughness increases when monolayers are stacked in layers [49] .
A rough surface may pose an impediment when minimizing the size of devices built with this process.
In contrast, we aim to fabricate ferrocenyl-terminated SAM with a simple one-step SAM formation process. At the same time, we also focus on the visible light irradiation method, which condition is so gentle that the ferrocenyl moieties should not be damaged. Vinylferrocene was used as a precursor and H-Si(111) as a substrate.
The advantage of vinylferrocene is that each ferrocene moiety in the resulting SAM is connected to Si through a simple chemical structure, that is, one ethylene unit. This would afford simplicity when the electronic properties of this ferrocene-Si system are discussed. In order to obtain more uniform SAMs, we compared the visible light irradiation method with the heating method. We chose mesitylene as a solvent, since
Sieval et al. have reported low alkene concentrations can be used to form well ordered monolayers on the H-Si surface only in mesitylene solution [14] . As is described in the Results and discussion, mesitylene solution does not works well in the case of VFC as solute. Then we focused on the n-decane as a solvent, since Sieval et al. [14] have 7/47 reported that n-decane solution can be used to form SAMs and the molecular structure of n-decane is much different from that of mesitylene. Further explanation on this point will be given in the Results and discussion. In the present study, we compared mesitylene with n-decane. After optimizing the preparation method, the photo-responsivity of the SAM-formed sample with both n-type and p-type Si wafers was investigated. The photo-responsivity is important to expand the potential for realizing optical devices with such electro-active monolayers.
Experimental methods

Hydrogen-termination
A Si (111) 
Sample preparation
Vinylferrocene (VFC, Tokyo Chemical Industry, >97%) was used as a precursor molecule without further purification. Hydrosilylation, the reaction of the vinyl group in VFC with Si-H bond on the H-Si surface in this case, was performed under two different activation methods, heating and visible light irradiation, as summarized in Table 1 . Light with wavelengths longer than 850 nm was cut off by the vis-mirror. The spectrum of the light irradiated from the optical fiber is shown in Figure 1 . The intensity, i.e. absolute irradiance, of the visible light was controlled at 510 mW cm -2 by using a neutral density filter installed inside the xenon lamp source. Light intensity was decided to be as high as we can obtain steadily with the machine in our laboratory.
As is described in the latter part of Results and discussion, a SAM film was also obtained with rather lower light intensity of 170 mW cm -2 . After film formation with the visible light activation method, the samples were sonicated for 10 minutes each in n-hexane, methanol, and ultrapure water, in that order.
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Figure 1
The spectrum of the visible light irradiated from the optical fiber used for the visible light irradiation for SAM formation in the present study.
The resulting samples are hereafter referred to as HM, HD, LM, and LD samples corresponding to the names in Table 1 (e.g. HM = heating -mesitylene).
Alkene SAMs are formed in several hours in ordinary cases [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , but decomposition or polymerization are observed for 2 hours under HD, HM, and LM conditions. Under the these conditions, decomposition or polymerization is more dominant than SAM formation.
Analytical tools
The static water contact angles of the samples were measured with water droplets of fixed size about 1.5 mm in diameter.
X-ray photo-electron spectroscopy (XPS) analysis was carried out using an ESCA-3400 system (Kratos Analyical), the background pressure of which was lower than 5×10 -6 Pa during analysis. The X-ray source was Mg-Kα operated at 10 kV and 10 mA. The Fe 2p, O 1s, C 1s, and Si 2p regions were scanned for all the samples 11/47 under the conditions 0.1 eV of step width, 298.5 ms of sampling time, and 10 scan cycles, except that in the Fe 2p region a 170.9 ms of sampling time was used.
Gaussian-Lorentzian peak deconvolution and fitting were performed for qualitative and quantitative analysis of the spectra after subtraction of each background. coated copper lead wire was attached to the scratched backside of the substrate on which a gallium-indium eutectic was pasted so that ohmic contact would be obtained at the Si/copper interface. An insulating epoxy resin was then applied to the whole backside and lateral side of the substrate, so that only the front face with a fixed area (1 × 2 cm) was exposed to the electrolyte and was the reactive area during the CV measurement. A coiled platinum wire washed with dilute nitric acid was used as the counter electrode. An Ag/AgCl electrode, immersed in 3.0 M NaCl aqueous solution and fitted with a ground glass liquid junction, was used as the reference electrode. The potential of the reference electrode was 0.226 ± 0.004 V versus standard hydrogen electrode (SHE) [53] . Here we have to note that the filling solution of the reference electrode should not be the commonly-used KCl solution but NaCl solution to avoid the precipitation of the poorly-soluble salt KClO 4 at the liquid junction. Low-pass filters with cutoffs at 1.5 Hz and 15 Hz were used to smooth the raw CV data for scan rates of 0.01 to 0.05 V s -1 and 0.1 to 0.5 V s -1 , respectively.
Results and discussion
Difference in film formation method
The water contact angles, XPS quantitative analytical data, and ellipsometric thicknesses of four samples after film formation are summarized in Table 2 and XPS Fe 2p spectra of four samples are shown in Figure 2 ; the data for H-Si substrate before film formation are also shown. The water contact angle of H-Si was 85.4˚ and agrees with the reference data [22, 54] . In Figure 2 , each spectrum of film-formed samples has two large peak contributions around 708.0 eV of binding energy and at about 720.9 eV.
These results are consistent with other referenced data [55] and imply that VFC 13/47 molecules are immobilized on the substrate in any form. The former peak and the latter peak are attributed to be Fe 2p 3/2 and Fe 2p 1/2 . These peaks for HM and HD samples have their shoulder peak at rather higher binding energies. These shoulder peaks come from three-valenced Fe and the main peaks come from two-valenced Fe.
In contrast, for LM and LD samples, there are slight contributions from three-valenced Here, we should note that the AFM probe used for imaging has a tip radius of about around 20 nm, hence the particle diameter in the AFM images does not reflect the real value that must be smaller due to the so-called tip effect. We thus focused on the height of these particles on HM and HD samples, which were around 12 nm and 2 nm, respectively. In contrast, the samples prepared by the visible light irradiation method, i.e., LM and LD samples, had much fewer and smaller particles on their surfaces. Hence, the stair-like structure of the H-Si substrate was preserved even after the film formation. The size, i.e. height, of the particles was around 1 nm or smaller. Notably, the particles were rarely recognized on the LD sample surface. As summarized in Table 2 , the deposits on HM and HD samples contained many more carbon atoms than the expected ratio where VFC molecules are immobilized without large conformation change. Thus, the particles are most likely to be the aggregation of decomposed, or polymerized, VFC molecules, or both. These results are in agreement with the thickness data obtained by ellipsometry;
a particulate surface, that is, a rough surface, makes the ellipsometric thickness larger. 16/47 However, the thicknesses obtained from the ellipsometric measurement are not absolute values, and can only be used for relative comparison as described in the experimental section. The cyclic voltammograms (CVs) of the four samples are shown in Figure 4 .
The potential was swept at six different rates ranging from 0.01 to 0.5 V s -1 . Pairs of anodic and cathodic waves were observed for each sample, demonstrating that the VFC molecules attached were electrically connected to the Si substrate, keeping their electrochemically active nature to some extent. The anodic peaks for HM sample were located in the range of +0.36 to +0.39 V vs. Ag/AgCl (in 3.0 M NaCl), depending on the sweep rate; the anodic peak potential shifted to become more positive with a sweep rate increase. The resistivity of the Si substrate was quite low, 0.001 -0.004 Ω cm, hence an IR drop within the substrate was not the cause of this peak potential shift. As described above, the results of AFM, XPS, and ellipsometry indicated that aggregation of VFC molecules occurred in this sample. In such a situation, when VFC molecules on the sample are oxidized to the ferricinium (ferrocenium) form that is positively charged, anions have to diffuse or to penetrate into the aggregation layer in order to compensate for the positive charges generated in the film. This diffusion into the aggregation portion is considered to be slower than that in solution, and thus causes a peak shift due to diffusion resistance. The cathodic peaks for HM sample were located at +0.27 V, and the peak separation between the anodic and cathodic peaks lies at around 0.10 V. This peak separation also indicates that the redox involves some diffusion processes. However, both anodic and cathodic peak currents exhibited linear dependencies on the scan rate, as shown in Figure 5a , indicating that the redox systems concerned were confined to the surface and were unrelated to any diffusion process.
This result conflicts with the above discussion on peak shift and peak separation. The reason for the discrepancy is unclear, but we think that the contribution of diffusion 18/47 during the redox is not so large. The full widths at half-maximum (FWHMs) of the cathodic peaks for HM sample were around 0.25 V, which is broader than the ideal case (i.e., 90.6 mV [57] ) of the surface-tethered redox couple with negligible mutual interaction. This peak broadening was due to the repulsion among the positively charged ferricinium moieties when oxidized. 19 For HD sample, the anodic peak potential also shifted to become more positive (from +0.37 to +0.41 V vs. Ag/AgCl) with increasing sweep rate. As in the case of HM sample, this result corresponds to the presence of aggregated VFC molecules suggested from the AFM, XPS, and ellipsometric results of HD sample as already described. The FWHMs of the peaks for HD sample were also around 0.25 V, which are also broader than the ideal case. In addition, the anodic waves had a shoulder peak at around +0.28 V indicated by an arrow in Figure 4b , suggesting the presence of ferrocenyl groups with two different electrochemical environments: It is considered that the ferrocenyl groups which gave the main anode peak at +0.37 to +0.41
V suffer a larger repulsion among the positively charged ferricinium moieties when oxidized, while those having a more negative shoulder at +0.28 V suffer less repulsion;
one is with a large repulsion among the positively charged ferricinium moieties and the other is with a rather small repulsion. Anodic peak currents did not show linear dependency on the scan rate, as shown in Figure 5b , also indicating that the presence of the aggregation prevents the anions from diffusing to the electrochemically active groups. The cathodic waves had only one peak while the anodic waves had two peaks.
One plausible explanation for this is that the anions diffuse from the aggregation to the solution without much resistance. The two electrochemically active states mentioned above probably correspond to the surface aggregation and the underlying monolayer of 23/47 VFC, respectively, and it is indicated that the contribution from the aggregation is still large in this sample. The aggregation is also indicated by the particulate surface observed by AFM (Figure 3c ). We should note, however, that the aggregation was suppressed by the use of n-decane instead of mesitylene, as confirmed by the much smaller peak area, smaller C / Fe ratio, thinner ellipsometric thickness and smaller particle size for HD sample compared to those for HM sample.
Each anodic wave for LM sample had two peaks (Figure 4c ). The anodic peaks at the lower potential are indicated by an arrow in Figure 4c and those at the higher potential are hereafter referred to as the pre-peaks and the post-peaks, respectively. The anodic pre-peaks, post-peaks, and cathodic peaks were located at +0.26 to +0.28, +0.36 to +0.41, and +0.25 to +0.29 V vs. Ag/AgCl, respectively, depending on the sweep rate. These two peaks suggest the presence of two electrochemical states as introduced in the previous paragraph. This suggestion is also supported by the similarity of main peak positions and shoulder peak positions in anodic waves of LM sample to those of HD sample. The anodic post-peak potential shifted to positive, and the cathodic peak potential shifted to negative, with increasing sweep rate, while the anodic pre-peak potential did not change. The FWHMs of the cathodic peaks increased from +0.12 V to +0.25 V with increasing sweep rate, and these FWHMs were broader than that of the ideal case (i.e., 90.6 mV [57] ) due to the repulsion among the positively charged ferricinium moieties when oxidized. The anodic pre-peak currents and the anodic post-peak currents did not exhibit a linear dependence on the scan rate, as demonstrated in Figure 5c . These behaviors indicate aggregation of VFC molecules as is also indicated by the AFM image (Figure 3d ). We 24/47 should note that the aggregation was suppressed by the use of the visible light method instead of the heating method.
Unlike the cases of HM, HD, and LM samples, pairs of anodic and cathodic waves without shoulder peaks are observed in the CV for LD sample (Figure 4d) . The anodic and cathodic peaks are located at +0.23 to +0.24 V and +0.22 to +0.23 V, respectively, for all the sweep rates. The peak separations are around 0.01 V for all sweep rates. Such small and constant peak separations are typical for surface absorbed redox species, the redox reactions of which do not include diffusions of reactant in the solution. Both the anodic and cathodic peak currents exhibited linear dependences on the scan rate, as shown in Figure 5d . This is also typical for the case of redox reactions without diffusions of redox species. These CV results indicated that the monolayer consisting of surface-confined VFC molecules had been successfully formed without aggregated features, as also indicated in the AFM image. The broader FWHMs than that of the ideal case are also due to the repulsion among the positively charged ferricinium moieties when oxidized.
The surface density of electrochemically active ferrocenyl groups on LD sample was estimated to be 1.4 × 10 -10 mol cm -2 from the cathodic peak area of the CV coverage [48] . The surface density determined in this work is comparable to these values.
Here, we discuss our method for the fabrication of VFC monolayer. When comparing the activation processes, the visible light process is more advantageous than the heat treatment process. As described above, the heat treatment causes decomposition, or polymerization, of VFC molecules, and hence a particulate surface.
One of the ferrocene derivatives, 4-ferrocenylbenzylalcohol, is reported to decompose above 200 ˚C [59] . VFC molecules probably decompose at 150 ˚C during the heat treatment used for fabricating HM and HD samples. As a solvent for VFC, n-decane is better than mesitylene. Aggregation of VFC molecules seemed to be suppressed in n-decane. One plausible explanation for the aggregation in mesitylene is as follows:
A Si radical formed on a H-Si(111) sample surface might extract a H atom from a VFC molecule [10] . Consequently, some of the VFC molecules are converted to radicals.
These radicals are stabilized in an aromatic solvent, through the formation of π-complex by coordination between the radicals and aromatic rings. Thus, the activation energy to form a VFC radical from a VFC molecule is lowered. This is why VFC molecules more readily polymerize in mesitylene than in n-decane. Among the four processes in 26/47 the present study, the best method was the combination of the visible light activation and the use of n-decane. By this method, the SAM was successfully formed from VFC molecules without aggregation. The C / Fe ratio of LD sample determined from the XPS analysis, i.e., 10.0, is a little smaller compared with the ideal value (i.e., 12). The reason for this is almost certainly a screening effect by the Fe atoms in the ferrocenyl groups. Photoelectrons from C atoms located underneath the ferrocenyl layer in the VFC-SAM are scattered by the Fe atoms to some extent. The static water contact angle of LD sample was 75.6˚, which is close to the reported value for the SAM formed from ferrocenethiols on Au substrate i.e., 64.5˚ [60] , which also suggests successful uniform SAM formation from VFC molecules on H-Si(111) in this case.
Visible-light photo-responsivity of electrochemical behaviors
In this section the visible-light photo-responsivities of electrochemical behaviors of the VFC-SAM covered Si samples are investigated. To suppress the oxidation during the film formation, low-doped silicon wafers were used in the experiment in this section instead of high-doped Si wafers, and both n-type (Phosphorous doped, 1 -10 Ω cm, single-side mirror-polished) and p-type (Boron doped, 1 -30 Ω cm, single-side mirror-polished) silicon (111) wafers were used to compare the photo-responsivity. The LD method, which is considered to be the best way to form a VFC-SAM, was chosen as the formation method for the experiments in this section. The light intensity and the reaction time were set at 170 mW cm -2 and 4 hours, respectivily, for both n-type and p-type wafers.
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The results obtained from the wettability measurement, XPS measurement and ellipsometric thickness measurement are summarized in Table 3 . For the hydrogen-terminated n-type and p-type silicon, the oxygen content was smaller than for the hydrogen-terminated silicon obtained in the former section. This is because the low doped silicon has less defects and is less likely to be oxidized than the high doped silicon. The XPS Fe 2p spectra of both the n-type and p-type SAM-formed samples are displayed in Figure 6 . Each spectrum has a peak at around 708.0 eV of binding energy and a sharp peak at about 720.9 eV. The former peak and the latter peak are attributed to be Fe 2p 3/2 of two-valenced Fe and Fe 2p 1/2 of two-valenced Fe. No peak contribution was found at around 712.0 eV for either spectrum, which would be attributed The water contact angles of the two film-formed samples are both around 76° which is consistent with the value reported as ferrocene-terminated samples [54] . The thicknesses obtained for the two SAM-formed samples are similar to that of the LD sample described in the previous section, meaning that the thicknesses are around mono molecular size of VFC. The element content ratios obtained from XPS quantitative analysis for the both n-type and p-type film-formed samples were also the same value as for the LD sample in the previous section. The lower oxygen contents are obtained because the surfaces are less oxidized during the film formation treatment for low-doped silicon substrates than for high-doped silicon. The C/Fe ratios were 9.2 and 9.6 for the n-type and p-type film-formed samples, respectively, and are a little smaller 30/47 than the ideal value of 12. This may be explained by a screening effect of the signal from C atoms underneath the ferrocenyl group by the Fe atoms in the ferrocenyl groups.
AFM images obtained on the hydrogen-terminated samples and film-formed samples for n-type and p-type wafer are displayed in Figure 7 . The two hydrogen-terminated silicons have a structure with terraces and steps, which is common for such samples, and both film-formed samples also have this structure, which means that the molecules are arranged with high orientation on the surface after film-formation treatment. precision. Figure 9c shows the CV graphs for p-type film-formed samples obtained in the dark and under illumination powers of 6 and 20 mW cm -2 . All waves have a peak around 0.28 V, which is considered to come from the redox reaction of ferrocebyl groups. This reaction did not show photo-responsivity. This negative photo-responsivity for p-type film-formed sample will be discussed later. At -0.75 V, a peak was obtained under illumination. This peak showed photo-responsivity and a new cyclic voltammogram was obtained in the dark in the range below 0.4 V ( Figure   9d ). This peak showing photo-responsivity may come from the redox reaction of Fe 2+ + 2e = Fe, for which the redox standard potential is -0.44 vs. NHE, that is, -0.24 vs.
Ag/AgCl in 3M NaCl. However, we cannot offer further discussion on this point. 36 of the ferrocene moiety is experimentally obtained as described below. Figure 11 shows the visible light transmittance spectra of VFC solution and the peak at 440 nm is considered to be caused by the d-d transition of ferrocene moiety. The photon energy with the wavelength of 440 nm is calculated to be 2.8 eV and this is the HOMO-LUMO gap energy of ferrocene moiety. The LUMO level is 1.0-2.0 eV higher than the conduction band of silicon. For the energy diagram to be drawn as shown in Figure 10 In contrast, for p-type film-formed sample, the holes in the valence band are always sufficient for electrons in the HOMO level in ferrocene to flow to the valence 41/47 band in silicon resulting in hole-electron recombination. Thus no photo-responsivity is observed for this sample.
Conclusions
Ferrocenyl-terminated films were formed on Si substrates through chemical reactions of VFC molecules with H-Si(111) surfaces. These films showed electrochemical activities indicating that the films were electrochemically linked to the Si substrates. In order to promote the chemical reactions of VFC with H-Si(111), we employed two methods. One was thermal activation by heating a Si substrate immersed in a VFC solution to 150 ˚C. The other was the visible light irradiation method. The latter was advantageous for the preparation of high quality SAM samples.
Using the heat treatment process, many particulate deposits were formed on the sample surfaces probably due to aggregation of decomposed and/or polymerized VFC molecules, while with the visible light method the formation of such particulate deposits was highly suppressed. We also examined the solvent effects of mesitylene and n-decane, and confirmed that n-decane was a superior solvent for suppressing the particulate deposition of VFC. Consequently, by combining the visible light activation and the use of n-decane as a solvent, the deposits were suppressed almost completely and a uniform ferrocenyl-terminated SAM covalently bonded to Si was fabricated (LD sample). The C / Fe ratio estimated from XPS for the LD sample is close to the ideal value. From the areas of the cathodic wave in CVs of LD sample, by integrating the anodic and cathodic waves of the voltammograms for LD sample, the surface density of ferrocenyl groups was estimated to be 1.4 × 10 -10 mol cm -2 , i.e., 11% in coverage. 42/47 We previously reported that heat treatment and visible light treatment give the same SAM when the molecules would not change their conformation [22] . In this paper, we showed a utilization example of visible light for SAM formation from molecules which are unstable under heat treatment. The visible light activation method will expand the options of precursor molecules for SAM formation to include those functional molecules which are usually unstable under heat treatment.
Finally we demonstrated the photo-responsivity of the electrochemical behavior of the resulting VFC-SAM formed sample on n-type and p-type silicon wafers.
The sample on n-type silicon showed positive photo-responsivity, while the sample on p-type silicon showed negative photo-responsivity. The mechanism of the behavior is accounted for by describing the band diagram. These discussions should prove useful for the future design of minute photo-electronic devices.
